Emerging evidence suggests an involvement of nuclear pore components in the regulation of neural differentiation and aging. These findings will have far-ranging impacts on the understanding of the function of the nuclear envelope in physiological settings and in various neurological diseases.
Embedded in the nuclear envelope, nuclear pore complexes (NPCs) are multiprotein channels, whose primary function is exchanging molecules between the cytoplasm and the nucleus. NPCs are composed of about 30 different proteins termed nucleoporins or Nups. They are located at sites where inner and outer nuclear membranes are connected. Besides regulating nuclear transport, nuclear pores are implicated in gene regulation and chromatin organization. Developmental processes frequently involve reorganization of the nuclear lamina and nuclear pores [1] [2] [3] . Notably, nuclear lamina components have recently been shown to regulate neural development and homeostasis. For example, loss of B-type lamins, which are ubiquitously expressed nuclear lamina components, causes specific defects in brain development [4] . Recently, D'Angelo et al. [1] reported that the change of NPC composition by a single nucleoporin is critical for neural differentiation. The expression of a transmembrane nucleoporin Nup210 is upregulated during the differentiation of embryonic stem cells (ESCs) into neural progenitor cells. Consistently, knockdown of Nup210 significantly blocks neural differentiation. A requirement for Nup210 in myogenesis was also observed [1] . Surprisingly, this role of Nup210 in differentiation lies in its regulation on differentiation-associated genes, but is not attributed to any change in nucleocytosolic transport or localization of inner nuclear transmembrane proteins, although disruption of the latter has been implicated in aberrant stem cell differentiation [2] .
Nup210 is not the only nucleoporin that regulates neural differentiation. Deficiency of Nup133, a structural subunit of NPC, in mouse ESCs was also reported to hamper the generation of post mitotic neurons [5] . In addition to nuclear pore components, the nuclear transport machinery has also been implicated in neural differentiation. For example, the switch of nuclear import receptor importin-α subtypes is critical for neural differentiation of mouse ESCs [3] . Despite the identification of these exciting links between nuclear pore and neural development, the underlying mechanisms still require further elucidation.
The involvement of the nuclear lamina in physiological and premature aging has been well established. Mutations of lamin A are linked to premature aging syndromes [6, 7] . Dysregulation of lamin B1 was also suggested to cause cell senescence [8] . However, despite the close ties to the nuclear lamina, the role of nuclear pores in the regulation of aging remains largely unknown. An early clue connecting aging and NPCs came from a report by D'Angelo et al., in which they found that NPCs in postmitotic neurons do not turn over and are remarkably long lived [9] . More recently, the same group provided additional evidence of extremely long-lived nuclear pore proteins in rodent brains. They performed pulse chase labeling in rat and then analyzed global protein turnover spanning several years with a sensitive MudPIT (multidimensional protein identification technology). They found that the long-lived nuclear pore components such as Nup107 and Nup160 have extremely long lifespans in neuronal nuclei (more than 1 year). These proteins, serving as scaffold components of NPCs, integrate into the nuclear membrane of neuronal cells and live as long as the organism, without mitotic renewal [10] .
Enjoying such longevity comes at a price, however. Without mitotic turnover, these NPC components may become oxidized or damaged as a result npg of being exposed to aging-related toxic metabolites accumulated during the lifespan. Consequently, increased nuclear membrane permeability resulting from progressive deterioration of NPCs has been observed in aged neurons, where cytosolic proteins are leaked into nuclear compartments [9] . It is possible that these leaked/mislocalized proteins could result in the impairment of various cellular functions, such as chromatin organization and gene expression.
So far, little is known about the aging-related factors that trigger NPC dysfunction in neurons. They may include oxidative stress, which is one of the most important factors inducing neurodegeneration, cell senescence and organism aging [9] . In young cells, a normal nuclear envelope composition appears crucial for the defense against oxidative stress. For instance, lamin B1 is able to recruit the antioxidative transcription factor OCT1 and safeguard somatic cells from oxidative stress [11] . Upon cell senescence, lamin B1 is downregulated with a concomitant increase in cellular sensitivity towards reactive oxygen species (ROS) [8] . In the context of neuronal aging, increased oxidative stress could not only attack long-lived nuclear pore components [9] , but also disrupt classic nuclear import and export by directly interfering with the activity of nuclear transport machineries [12] .
Enhanced cellular nitric oxide (NO), which causes nitrosative stress, is also strongly associated with aging-dependent neuronal degeneration. NO can directly modify proteins via S-nitrosylation of certain cysteine residues. Recently, NO was shown to S-nitrosylate and positively regulate CDK5, whose activation triggers nuclear lamina dispersion and neurodegeneration [13, 14] . It would be interesting to examine whether NO can directly modify and regulate certain NPC components.
Interestingly, a crosstalk between nuclear pores and nuclear lamina under stress conditions has emerged. In the premature aging context, accumulation of progerin, a truncated lamin A mutant, results in compromised nuclear import, which is associated with decreased function of the nuclear sumoylation pathway [15] . Interestingly, progerin accumulation also causes increased oxidative stress [16] . It should be emphasized that increased oxidative or nitrosative stress can result in repression of the global sumoylation profile [17] . This complex regulatory network orchestrated by oxidative stress may play an important role in the functional degeneration of the nuclear envelope.
On the other hand, nuclear pores also appear to employ a hemostatic feedback mechanism to defend against oxidative stress-induced nuclear envelope lesions. For example, NO can directly modify Cys528 and Cys585 of the nuclear export receptor CRM1, resulting in inhibition of the assembly of the CRM1-Ran-cargo export complex. As a result, Nrf2, a CRM1 cargo and a critical antioxidative transcription factor, accumulates in the nucleus and signals to increase cellular antioxidant capability [18] . Together, these studies suggest that nuclear pores, as a major functional part of nuclear envelope, may be deeply involved in the pathogenesis Figure 1 Summary of the emerging roles of nuclear pore in the regulation of neural development and aging. ER: endoplasmic reticulum; NE: nuclear envelope; ROS: reactive oxygen species; NO: nitric oxide. 1214 npg of aging-related neurodegeneration. Accrued damages to nuclear pores and nuclear lamina during the lifespan may culminate in a substantial abrogation of their function in safeguarding the intranuclear materials.
In summary, the emerging roles of nuclear pores in the regulation of neural differentiation and aging are exciting (Figure 1) . Further revealing the mechanisms underlying these processes will indeed advance our understanding of various neurodevelopmental and neurodegenerative diseases.
